We examined the population structure of the introduced aphid, Myzus persicae collected mainly from its primary host, Prunus persica, in south-east Australia. Myzus persicae has been present in Australia since at least 1893. Samples were collected in the spring of 1998 from two mainland and three Tasmanian localities and isofemale lines were established in the laboratory. The reproductive mode (life cycle), karyotype and 17-locus microsatellite genotype of each clone were determined. All populations showed significant population differentiation (F ST 0.058-0.202) even over small geographic distances (Ͻ50 km). All clones were karyotypically normal except for a subset of clones from one site that was exposed to the carbamate insecticide, Pirimor,
Introduction
The geographic structure of a population is a function of the ecology and evolution of the organism and results from both demographic and genetic processes (Roderick, 1996) . Demographic processes include rates of birth and death, immigration and emigration. Genetic processes include gene flow, mutation, genetic drift and natural selection. Gene flow, the movement of genes in and among populations, is a homogenising force counteracting the independent evolution of populations (Slatkin, 1987; Neigel, 1997) .
For all organisms there is an interaction between demography and genetic structure (Roderick, 1996; Lacy, 1997) but aphids and other cyclical parthenogens have additional profound interactions associated with plasticity in reproductive mode. It is especially common for aphids that have spread to many parts of the world to exhibit a range of life cycle strategies (reproductive modes). Reproductive modes can encompass cyclical, functional or obligate parthenogenesis or a combination the week prior to sampling. Those clones were heterozygous for an autosomal 1,3 translocation frequently associated in M. persicae with insecticide resistance. In contrast to other loci and despite being on different chromosomes, loci myz2 A and M55
A showed general and significant linkage disequilibrium. These loci may be affected by epistatic selection. We discuss the observed high clonal diversity, moderate but significant population differentiation, general conformance to Hardy-Weinberg equilibria and low linkage disequilibria with particular focus on the global population biology of M. persicae. Heredity (2002) 88, 258-266. DOI: 10.1038/sj/hdy/6800037 of all of these (Blackman, 1974) . Additionally there is genetic variability in developmental regulation of reproductive mode within and among populations (Moran, 1992) . Like most genetic variation, this is potentially visible to natural selection.
Myzus persicae, the peach-potato aphid, is a cosmopolitan, economically important pest aphid (Blackman and Eastop, 1984) . It was first reported in Australia in 1910 in New South Wales (Zeck, 1928) but records in the Australian National Insect Collection indicate its presence since at least 1893 (from south-eastern Victoria, Record No.: AN20 4267 aphid database, M Carver, CSIRO Division of Entomology, Canberra, Australia). A vector of many plant viruses, it has developed resistance to insecticides throughout its geographic range (Devonshire et al, 1998) . Organophosphate and carbamate resistance in M. persicae is based on amplification of a particular esterase gene (E4), and is associated with a translocation between autosomes 1 and 3 (Blackman et al, 1978; Devonshire, 1989) . E4-based resistance is usually associated with obligately parthenogenetic lineages or male-producing obligate parthenogens (Spence and Blackman, 1998 ). Yet, whilst the translocation might be expected to cause problems at meiosis, it can pass through the sexual cycle (Blackman and Takada, 1977) .
In this paper we investigate the population genetics of spring populations of M. persicae mainly from peach trees in Eastern Australia. Peach is the primary host of M. per-sicae, the plant on which the sexual phase occurs. Each egg hatching in spring on peach gives rise to a new clone. After several generations of parthenogenetic reproduction, these spring populations produce winged morphs that migrate to herbaceous plants where they continue parthenogenetic reproduction through the summer months, returning to peach in the autumn to reproduce sexually.
Materials and methods

Sample collection
Collections were made from the primary host, Prunus persica, from one site in Bathurst, NSW, and from three sites in Tasmania (Figure 1 ) in the early spring (October) of 1998. Collectors were asked to cut twigs bearing aphids from the trees and send them to Macquarie University. Where possible a single clonal lineage was established from each twig. Later in the season (December) an additional collection was made from a vegetable garden in Canberra (Australian Capital Territory). Between eight and 19 isofemale lines were successfully established from each collection locality (full details in Table 1 ).
Karyology
Chromosome preparations were made from somatic cells of young embryos dissected from fresh adult or fourth instar females, using the method of Blackman (1980) . More than one embryo from an individual mother was macerated on a given slide. Several aphids per lineage were karyotyped. Unstained slides were examined using an Olympic Vanox microscope under phase contrast at 40× objective magnification. From three to 10 cells per slide were scored.
Characterisation of reproductive mode
Sexual morph production in aphids is largely a response to scotoperiod. In particular a critical length of darkperiod but additionally a threshold low temperature must be reached before aphids will respond to night length (Lees, 1973; Blackman, 1975 ). An aphid clone can be maintained as a continuous parthenogenetic culture at long day and warm temperatures (eg, for M. persicae: 20°C with 16 h of light : 8 h of darkness). Sexual morph production, in clones capable of their production, is achieved experimentally by transferring adult parthenogenetic females to a short day, lower temperature environment. All our M. persicae cultures are continuously maintained on cabbage seedlings (var. Early Jersey Wakefield).
Three adult parthenogenetic females per cabbage seedling were transferred from 20°C 16L:8D to 15°C 10L:14D (short day). The aphids were allowed to reproduce at short day for 2 to 3 days after which time the adults were removed from the plants and destroyed. The young remaining on the plant (G1) were reared to adulthood and then transferred, three per plant, to new plants and allowed to reproduce for 2 to 3 days before serial transfer to new plants. In this way the offspring of G1 aphids were collected in sequential batches of G1 Batch 1 (G1B1), G1B2, G1B3 etc. When G1B1 reached adult moult they were transferred to a new plant, three aphids per plant. In most cyclically parthenogenetic (holocyclic) lineages reared under this regime, the G1B1 are alate parthenogenetic females (gynoparae) that produce mating females (oviparae). Males are commonly found in batches G1B5-G1B8. If a lineage produced both mating females and males it was recorded as cyclically parthenogenetic.
DNA extraction and amplification of microsatellite loci DNA for microsatellite amplification was extracted by salting-out . Microsatellite amplification was performed as described in Sloane et al (2001) .
All isofemale lines were screened with 17 microsatellite loci: 10 cloned by ACCW from M. persicae (Sloane et al, 2001) (Wilson and Sunnucks, unpublished data) . Information on chromosomal location is incorporated into the locus name of each species for which microsatellites have been cloned: A = autosomal, X = X-linked, and no superscript = currently unknown.
Population genetic analyses
Aphids bearing identical genotypes over all loci were identified using the program MSmacro (Park, 2000) . Because inclusion of multiple clonal copies can lead to misinterpretation of population genetic analysis, datasets should be reduced to a single representative of each genotype provided that sufficient power exists in the genetic array . Probabilities that a genotype might arise independently were approximated as the product of the local frequencies for the alleles in that genotype . Accordingly, all population genetic analyses were performed on a data set that included only one copy of each clone at 17 loci, and none included the two clones with data missing from several loci (053S and 064NT).
Allele frequencies, Hardy-Weinberg equilibrium and linkage disequlibrium Allele frequencies, mean number of alleles per locus (A), observed heterozygosity (H obs ), and an unbiased estimate expected under Hardy-Weinberg assumptions (H E , Nei, 1978) were calculated using BIOSYS-1 (Swofford and Selander, 1981) . GENEPOP version 1.2 (Raymond and Rousset, 1995) was used to analyse Hardy-Weinberg equilibrium (HWE), linkage disequilibrium (LD) and to calculate F IS values (Weir and Cockerham, 1984) . Population pairwise F-statistics for all population pairs and Fstatistic confidence intervals based on bootstrap re-sampling were estimated with the FSTAT program (Weir and Cockerham, 1984; Goudet, , 1999 . Individuals possessing translocated karyotypes were not included in analysis of LD because the potentially different linkage of loci in normal and translocated individuals could confound estimation of LD. Sequential Bonferroni corrections were applied to multiple statistical tests (Rice, 1989; Sokal and Rohlf, 1995) .
Estimating gene flow
Dispersal does not always result in gene flow and direct measurements of migration tend to underestimate rare but important gene flow (Slatkin, 1987) . Because of the difficulties associated with directly measuring gene flow, indirect methods that use genetic data to infer movement can be used (Slatkin, 1985; Roderick, 1996) .
Population pairwise genetic distances were calculated in Arlequin version 1.1 (Schneider et al, 1997) . Pairwise F ST values can be used as short-term genetic distances between populations (Reynolds et al, 1983; Slatkin, 1995) . The null distribution of pairwise F ST values under the hypothesis of no difference between populations is obtained by permuting haplotypes between populations. The P-value of the test is the proportion of 100 000 permutations leading to a F ST value larger than or equal to the observed one.
Analysis of molecular variance (AMOVA)
The genetic structure of the data was investigated by AMOVA (Cockerham, 1969 (Cockerham, , 1973 using Arlequin Version 1.1 (Schneider et al, 1997) . The approach is similar to other approaches based on analyses of variance of gene frequencies but also takes into account the number of mutations between molecular haplotypes (Excoffier et al, 1992) . The significance of the fixation indices computed is tested using a non-parametric permutation approach (Excoffier et al, 1992 ). An AMOVA analysis was performed to test for genetic substructure among (i) all collections and (ii) the three geographically proximate Tasmanian collections.
Genetic distance analysis
All clones with missing data were eliminated from these analyses (019INV, 027B, 040B, 044S, 063NT) so n = 46. Individual pairwise and population pairwise genetic distances were calculated using Cavalli-Sforza and Edwards chord distance (C-S & E chord distance, Cavalli-Sforza and Edwards, 1967) because it has been shown, out of a range of common genetic distances, to produce the most reliable topologies with microsatellite loci (Takezaki and Nei, 1996) . C-S & E chord distance transforms allele frequencies so as to standardise the distance with respect to genetic drift, and so reduces the impact of differences in starting allele frequencies (Swofford et al, 1996) . Additionally, this measure is not heavily influenced by differences in within-taxon heterozygosity (Swofford et al, 1996) . Raw microsatellite data were transformed into a pairwise genetic distance matrix using BIOSYS-1 (Swofford and Selander, 1981) . The distance matrices generated were analysed using two-dimensional nonmetric multidimensional scaling (NMDS) in SYN-TAX (Podani, 1995) . NMDS is a form of ordination analysis that is useful for recovering non-hierarchical patterns of variation from overall estimates of genetic variation (Lessa, 1990) . The application of non-hierarchical methods of analysis is particularly important when working within species because of the high probability of reticulate evolution (ie, within a species, because of gene flow, the relationship among populations is not likely to be hierarchical). NMDS does not assume linearity nor does it preclude the uncovering of hierarchical structure.
Results
Distribution of clones with translocated karyotypes
Only 7/55 (13%) of the karyotyped samples were found to carry the 1,3 autosomal translocation (Table 1 ). All seven samples were from the Inverquarity collection. These samples represent 70% of the lineages established from this site. The Inverquarity site had been sprayed with Pirimor insecticide in the week prior to sampling (M Williams, personal communication) , in contrast to all other populations, which were known to be unsprayed.
Reproductive mode
The reproductive mode of 54 of the 57 isofemale lines established was characterised (three died out). All lines were cyclically parthenogenetic, indicating that those surviving the parthenogenetic phase would normally return to peach the following autumn to reproduce sexually.
Moderate genic and genotypic diversity All loci except M77
A and S23 A were polymorphic in M. persicae (Table 2) . Apart from the two monomorphic loci, and the highly polymorphic M49
A locus (16 alleles), allelic diversity in the loci cloned from M. persicae was 3-9 alleles per locus (average = 6.3 alleles/locus). Allelic diversity at each of the two polymorphic loci cloned from Sitobion (S16b A and S17b X ) was lower than that observed at the 13 polymorphic Myzus loci. Considering all loci, mean observed heterozygosity ranged from 0.00 to 1.00 per locus, and averaged 0.50-0.59 per population (Tables 2 and 3) .
Most genotypes (52 of 53) were collected only once. The one genotype sampled twice was 026BAT = 028BAT (identical at 34/34 alleles, and both were 2n = 12 nontranslocated) (Table 1) . Based on the observed allele frequencies in the Bathurst collection, the probability of independently generating the 026/028BAT genotype by sexual reproduction is 4.7 × 10 −11
. Thus 026BAT and 028BAT were assumed to be members of the same clone. X and myz9. F IS values associated with all significant collection by locus deviations were significantly positive with the exception of M63 A in the Bathurst collection which was significantly negative (F IS = −0.108, P = 0.0026) ( Table 2) .
No significant deviations from linkage equilibrium were observed within any population following Bonferroni correction (P Ͼ 0.05). However, locus pairs M55 A /myz2
A and M49 A /M55 A were in significant disequilibria (after Bonferroni correction, P Ͻ 0.05) when genotypes were pooled over populations.
Partitioning of genetic variation
Most genetic variation was within collections (91.3%): among collection differentiation was modest but significant (8.7%, F ST 0.087, P Ͻ 0.001). NMDS of the CavalliSforza and Edwards chord distance was used to assess the genetic affinity of individual genotypes from the five collections (Figure 2) . The far right of the cloud is composed of individuals from the Bathurst collection. Nested within Bathurst and towards the middle of the cloud are individuals from Canberra. Around the edge of the cloud, abutting Bathurst, and to the left and far left of the cloud are the three collections from Tasmania (all circular symbols, Figure 2) . A similar analysis was performed to study among-collection structure. This analysis indicates that the Bathurst and Canberra collections are more closely related to each other than they are to the Tasmanian collections.
Heredity Similar patterns were seen at a local scale. Most of the genetic variation (92.6%) among the three geographically proximate Tasmanian collections was identified within collections and again moderate but significant genetic differentiation was identified between collections (F ST = 0.074, P Ͻ 0.001).
Discussion
Colonization of Australia by Myzus persicae with at least moderate numbers of migrants Hales et al (2000) characterised five Australian M. Persicae clones collected between 1990 and 1996, two from New South Wales, one from Queensland, one from Western Australia and one from Victoria. Over the 11 loci common to both, the 42 alleles identified in the earlier study were fully included in the 74 alleles discovered in this study. This large degree of overlap, especially in the light of low sample sizes scattered over sample dates and locations, leads us to believe that we have probably uncovered much of the allelic diversity at these loci for Australian M. persicae.
In a concurrent collaborative study, Terradot et al (1999) , and identified 23 alleles in seven clones of European M. persicae. We found 20 of these alleles in our Australian collections. Whilst it is possible that some of these shared alleles could be the result of convergent evolution and not shared ancestry, it seems more likely that much of the allelic diversity observed in M. persicae in Australia was present in the colonists. Overall our data indicate that Australian M. persicae harbour a non-trivial proportion of the allelic diversity of the species in Europe, and are likely to be descended from a moderate or large number of colonists. In the absence of many more data from European aphids it is not possible to be more quantitative in this assessment, but clearly the situation is completely unlike that for Australian Sitobion aphids, of which only one or two successful clones per species seem to have colonised the continent Wilson et al, 1999) .
Geographic structure of spring Myzus persicae populations in eastern Australia
All populations of Myzus persicae in Australia showed significant population differentiation even over small geographic (Ͻ50 km) distances (Table 4 : F ST 0.058-0.202). At first sight, this differentiation seems rather larger than that often reported for aphid populations from microsatellite data, such as the minimal differentiation observed over 60 km in S. avenae from southern England , or that observed in S. avenae in France . However, much of the present differentiation may arise from stochastic effects including small sample sizes. There are several features characteristic of aphid populations that may explain the observed genetic differentiation in these M. persicae collections (Blackman, 1972 (Blackman, , 1985 . First, aphids are prone to major short-term changes in population size, which could have local stochastic or deterministic elements. Second, an aphid population is composed of a varying number of clones, represented at each point in time by an extremely variable number of identical individuals (barring mutation), with 
***P Ͻ 0.001 **P Ͻ 0.005 *P Ͻ 0.05. stochasticity due to egg hatching, clonal proliferation, immigration, local selection and extinction. Third, aphids are highly mobile and thus the structure of a population at any one time will depend on the number of immigrants (Blackman, 1972) . Nonetheless, in addition to random factors some deterministic forces may also have contributed to population differentiation, as explored in the following sections.
Linkage disequilibria: physical linkage, genetic stochasticity or selection?
The loci used in this study are known to represent four autosomal and one X-linked linkage groups: (i) myz2 A - Association of the heterozygous 1,3 autosomal translocation with the presence of insecticide Translocated clones were identified only in the collection from Inverquarity, Tasmania, from a nectarine orchard Heredity that had been sprayed with the insecticide Pirimor in the week prior to sampling. Insecticide treatment has selected for resistant clones bearing the translocation (Blackman et al, 1978; Devonshire et al, 1998) . From their presence in this but not other collections, we infer a history of insecticide use in this orchard.
Heredity
Genetic diversity and reproductive mode
The application of microsatellites to populations of aphids has overturned several classical predictions about patterns of genotypic diversity and heterozygosity. For example, Sitobion avenae in England was thought to be largely obligately parthenogenetic and therefore would have been predicted to be represented by few clones, yet most individuals sampled bear a unique microsatellite genotype . Also counter to general expectation (eg Amos, 1999) , S. avenae in France with frequent sexual reproduction have significantly lower heterozygosity than do obligately parthenogenetic lines, and indeed the most regularly sexual lineages show significant homozygous excess .
The present results extend observations of genetic diversity in cyclic parthenogens. Based on results from S. avenae in France , data from cyclically parthenogenetic (holocyclic) M. persicae in Australia might have been expected to show strong positive F IS at many loci (F IS : is a measure of the deviation from HardyWeinberg proportions within subpopulations; a positive F IS indicates a deficiency of heterozygotes where a negative F IS indicates an excess of heterozygotes). However, such a general pattern was not observed. Three of the five populations analysed here showed more negative than positive F IS , and two populations with more loci showing positive than negative F IS still had five loci with negative F IS . Further, at least some of the positive F IS values may be the result of null (non-amplifying) alleles at a microsatellite locus (eg, locus M62
A showed significant deviations from HWE in three of the five collections, and F IS values are strongly positive in all but the Canberra collection). Thus the finding that French S. avenae with a regular sexual cycle are significantly and generally homozygous at microsatellite loci is not parallelled in Australian M. persicae with a regular sexual cycle: these latter aphids are generally quite close to genetic equilibrium. This suggests that the observations in French Sitobion may not represent a general phenomenon, but one worthy of further investigation.
Previous population studies in Myzus persicae
Like many aphids, population studies of M. persicae using allozyme markers have found little to no genetic variation (May and Holbrook, 1978; Wool et al, 1978; Brookes and Loxdale, 1987; Hales et al, 1997) . In fact, in M. persicae, the only loci that have been found to be polymorphic are the esterase loci. Esterase polymorphisms in M. persicae have been strongly selected as a result of their association with organophosphate resistance and with cross-resistance to other insecticide groups including carbamates (Devonshire, 1989) . This lack of genetic variation at allozyme loci is not fully understood particularly because it is not generally mirrored by other molecular markers which have frequently revealed high levels of genic and genotypic diversity. A random amplified fragment length polymorphism (RAPD-PCR) study of M. persicae in 74 isofemale lines collected in Spain revealed that almost every isofemale line was different (Martinez-Torres et al, 1997) . A similar level of genetic variation was found using an rDNA fingerprint technique on Scottish populations of M. persicae (Fenton et al, 1998) . In that study 80 fingerprints amongst 276 isofemale lines were identified. Thirty percent of the isofemale lines were found to have the same fingerprint indicating the presence of a single widespread clone in Scotland that was found to be present in samples over a 4-year period (1992) (1993) (1994) (1995) (1996) . In addition to this common clone other genotypes were sampled over 2 years suggesting that local over-wintering of asexual clones is the most common source of spring M. persicae populations in Scotland.
Microsatellite analysis of south-eastern Australian M. persicae has revealed high levels of genic and genotypic diversity and is consistent with the levels of genotypic diversity detected in Spanish and Scottish M. persicae populations using multilocus DNA markers (MartinezTorres et al, 1997; Fenton et al, 1998) . Unlike in Scotland, where peach is rare, no common and widespread clone was identified in these samples from south-eastern Australia. This, in large part, is attributable to the fact that most of our collections were made from peach trees in spring, and were offspring of the founding females that emerged from sexually-produced eggs. Studies of M. persicae populations in Western Australia, where M. persicae is believed to over-winter exclusively by parthenogenesis on secondary host plants (Blackman, 1974) , may find a pattern similar to that described for M. persicae in Scotland (Fenton et al, 1998) and S. avenae in eastern France (Haack et al, 2000) .
Conclusions
Unlike several aphid species studied with microsatellites, M. persicae in Australia are generally close to genetic equilibrium. The species has maintained regular sexual reproduction following migration to lower latitudes, at least in areas with cold winters, and has colonised in sufficient numbers to retain an appreciable proportion of allelic diversity. This M. persicae dataset also represents the second of two counter-examples of the intriguing result that French S. avenae with an obligate sexual cycle have significant heterozygous deficits.
